We have measured the three time delays for the quadruple gravitational lens RX J1131−1231 using two seasons of monitoring data. The short delays between cusp images are A-B = 11.98 +1.52 −1.27 days and A-C = 9.61 +1.97 −1.57 days. The long A-D delay for the counter image is not as precisely determined because of the season gaps, but the data suggest a delay of −87 ± 8 days. The short delays are difficult to explain using standard isothermal halo models of the lensing potential, which instead prefer A-B and A-C delays of ∼ 1 day for reasonable values of the Hubble constant. Matching the cusp delays is possible by adding a significant (∼ 5 × 10 10 M ⊙ ) amount of matter nearly coincident (∼ 0. ′′ 05 SouthEast) with the A image. Adding such a satellite also helps improve the quasar and lens astrometry of the model, reduces the velocity dispersion of the main lens and shifts it closer to the Fundamental Plane. This is suggestive of a satellite galaxy to the primary lens, but its expected luminosity and proximity to both image A and the system's bright Einstein ring make visual identification impossible even with the existing HST data. We also find evidence for significant structure along the line of sight toward the lens. Archival Chandra observations show two nearby regions of extended X-ray emission, each with bolometric X-ray luminosities of 2-3 × 10 43 ergs s −1 . The brighter region is located ∆θ ≈ 153
INTRODUCTION
Gravitationally lensed quasars are useful tools for studying the matter distribution of intermediate redshift (0.1 z 1.0) galaxies. Robust estimates of the total (luminous plus dark) lensing mass usually follows from just measuring the image positions. However, quantifying the presence of halo substructure, constraining the mass profile's radial distribution, or parsing the relative contributions from stars and dark matter requires additional information. For example, the flux ratios of lensed images are sensitive to the presence of halo substructure (e.g., Metcalf & Zhao 2002) and the incidence of so-called "anomalous" ratios at radio wavelengths is consistent with CDM predictions that a few percent of the halo mass should be left in satellites (Dalal & Kochanek 2002) . At optical wavelengths, interpreting such anomalies in light of stellar microlensing implies that 25% of the surface mass density at the image locations must be in a smooth (non-stellar) form (Schechter & Wambsganss 2002; Keeton et al. 2006) .
Another key observation is time delays. The time delays between lensed images measure a combination of the Hubble constant and the surface mass density κ = Σ /Σ c of the lens at the radius of the lensed images, with H o ∝ (1 − κ ) to lowest order (Kochanek 2002) . For the six simple time delay lenses that we have at present, Kochanek (2002) noted that four (PG1115+080, Schechter et al. 1997 , Barkana 1997 , Impey et al. 1998 SBS1520+530, Burud et al. 2002b B1600+434, Burud et al. 2000 , Koopmans et al. 2000 and HE2149-2745 , Burud et al. 2002a ) yield H o predictions consistent with the HST Key Project result of 72 km s −1 Mpc −1 (Freedman et al. 2001 ) only if the lensing galaxies have constant M/L profiles (that is, declining rotation curves at the system's Einstein radius). The remaining two systems (HE1104-1805, Ofek & Maoz 2003; HE0435-1223 , Kochanek et al. 2006 have measured delays consistent with the Key Project only with mass profiles that drop off slower than isothermal (that is, rising rotation curves at the locations of the lensed images). In the case of HE0435-1223, the best-fit model yields an average mass convergence at the system's Einstein radius that is 20% larger ( κ ≃ 0.6 ± 0.05) than expected for an isothermal halo. Taken at face value, the range in κ estimates imply a heterogeneous mix of mass profiles for lensing galaxies, with the likely explanation that we are seeing the effects of the lensing environment. Lens galaxies located at the center of their respective groups will naturally have an extended dark matter halo (yielding flat or rising rotation curves), while lens galaxies located in the field or group periphery will have mass distributions dominated by their stellar components (falling rotation curves). Under this interpretation, it becomes important to not only expand the sample of systems with measured time-delays in order to sample as wide a range of environments as possible, but also to characterize the lensing environment for systems with measured delays as thoroughly as possible.
In this paper, we present our time-delay measurements and explore the lensing environment for the quadruple lens RX J1131−1231 (hereafter J1131). Our original motivation was to use the measured delays and assumed H o to estimate the lens surface mass density at the J1131 image positions. Coupled with the robust total mass estimate obtained from the image separations and the measured luminosity distribution of the lens obtained from HST/NICMOS data, this would allow us to estimate the radial mass profile of the lens and separate the luminous and dark contributions to the total lensing mass (as done recently for HE 0435-1223; Kochanek et al. 2006) . Unfortunately, the measurement of unexpected delays for this system makes such an approach unfeasible. Instead, we simply focus on constructing a plausible macromodel that can reproduce the delays while assuming an isothermal halo for the main lens.
This system was originally identified as a ROSAT Xray source and subsequently revealed to be a quadruplyimaged quasar by Sluse et al. (2003) . The lensing geometry consists of a background z s = 0.658 quasar lensed by a foreground z l = 0.295 elliptical galaxy, and there is a prominent Einstein ring evident even in ground-based optical data. Sluse et al. (2003) also detected variability on the order of 0.3 magnitudes from the total integrated system flux over an eight month baseline. Overall, the system's demonstrated variability, wide image separation (A to D separation of 3.
′′ 2), prominent lens galaxy and quad plus ring morphology made J1131 an attractive target for long-term monitoring and followup studies. In §2 and §3 we describe our monitoring program and timedelay measurements and comment on the microlensing variability observed in the system over the course of the campaign. High-resolution HST/ACS and NICMOS images of the lens and immediate environment are described in §4, and evidence for at least two clusters along the line of sight are presented using far IR ( §5) and X-ray ( §6) observations obtained with the Spitzer and Chandra Space Telescopes. We then explore several iterations of parametric and non-parametric lens models and discuss their implications in §7. In summary, we find it difficult to simultaneously explain the system geometry and measured time delays using a single profile for the main lens galaxy, but find it possible if a significant amount of substructure is present near one of the cusp images. Finally, we summarize our results and describe avenues for future work on this system in §8.
LENS MONITORING
The monitoring data for J1131 were obtained as part of the ongoing program described by Kochanek et al. (2006) ; details of the reduction pipeline and lens fitting procedures can also be found in that reference. Briefly, we monitor approximately 25 lensed quasars at cadences of 1-2 times per week, with typical observations of three 2-5 minute exposures per epoch in either Sloan r or Johnson R. Each lens is assigned up to 5 nearby reference stars which serve as local flux calibrators and as shape templates for the analytic PSF model. Point sources are modeled as a combination of three elliptical Gaussians and extended objects (lens galaxies) are modeled using Gaussian approximations to de Vaucouleurs profiles (which allows for rapid analytic convolutions with the seeing disc). The relative astrometry for each system is fixed using observations from the CASTLES 4 HST program, and relative photometry for the system images are obtained by minimizing χ 2 residuals between the data and analytic model.
The monitoring data for J1131 were obtained using the queue-scheduled SMARTS/CTIO 1.3m telescope in the Southern Hemisphere and the MDM 2.4m, WIYN 3.5m, and APO 3.5m telescopes in the Northern Hemisphere. The bulk (94%) of data were taken with the SMARTS 1.3m using the dual-beam optical/IR ANDICAM camera (DePoy et al. 2003 ) and covering the 2003-2004 and 2004-2005 seasons for a total of 101 epochs. These observations consisted of three 5 minute R-band exposures and six 2.5 minute J-band exposures at each epoch. The IR data are considerably less sensitive than the optical data and we focus only on the R-band light curves here. Additional observations include three Sloan r-band epochs consisting of 1.5-2 minute exposures using the SPIcam CCD on the APO 3.5m, two R-band epochs of 2-3 minute exposures using the WTTM camera on the WIYN 3.5m, and two R-band epochs of 3 minute exposures using the 8K Mosaic CCD on the MDM 2.4m. The APO, WIYN and MDM light curves were calibrated by interpolating the quasar and reference star data points onto the respective SMARTS curves, yielding star offsets of −0.01, 0.00 and −0.02 mags and quasar offsets of 0.08, −0.02 and 0.04 mags, respectively. We only kept data with seeing better than 1.
′′ 7 FWHM, or about half the maximum image separation. Figure 1 shows the four quasar light curves and Table 1 gives the quasar magnitudes and reference star differential variability at each epoch. Over the two seasons, each image varied by as much as 0.7 mag. Significant correlated variability on timescales of weeks is also apparent for the three brighter images.
TIME DELAYS MEASUREMENTS
The light curves are modeled as a sum of two Legendre polynomial series. The first series, of order N src , models the intrinsic source variability of the quasar and is the same for all four quasars images up to a time delay shift for each pair. The second series, of order N µ , is different for each image and models the different macrolensing magnifications (0 th order) and the uncorrelated microlensing variability for each quasar image (1 st order and above). Exact prescriptions for the fitting forms can be found in Kochanek et al. (2006) . The merit function for each light curve is minimized by differentiating with respect to the polynomial coefficients and solving the resulting linear set of equations, which yields estimates for the time delays between each image, a lightcurve for the intrinsic source variability, and the relative microlensing lightcurves for three of the four images. The A, B and C images show relative delays of about 1-2 weeks, much shorter than the length of each observing season. Since all the signal when solving for the ABC delays will come from same-season data, we fit the two season's ABC light curves simultaneously (that is, we solve for a single set of time delays constrained by both seasons) but model each season's lightcurve separately. (We discuss modeling the D curve below). The F -test is used to decide when further increases in N src and N µ do not yield improvements to the fits. We find that most of the source-curve improvements occur up to N src = 10, beyond which the higher source-curve complexity does not significantly improve χ 2 . Significant improvement in the microlensing model occurs from N µ = 0 (macromodel magnifications only and no microlensing) to N µ = 4, arguing for microlensing variations that are somewhat more complex than just a simple linear trend (which would be described by N µ = 1). We adopt N src = 30, N µ = 4 as our standard model for the A, B and C images, where the larger source curve order should lead to conservative uncertainties in the delay estimates. This model gives A-B, A-C and B-C delays of 11.98 +1.52 −1.27 9.61
and −2.20 +1.55 −1.64 days (1σ), respectively. As a check on the results, we also fitted each season's light curve as a stand-alone dataset using a separate code that uses brute-force (Powell) minimization, and we find delays consistent with the quoted error bars. Figure 2 shows the ABC light curves after shifting by the relative delays and subtracting the microlensing and macromodel magnifications, leaving just the source variability observed in each image.
Fitting for image D's light curve is less precise. In addition to the lower signal-to-noise, D is expected to lag the other images by ∼ 100 days (Sluse et al. 2003) , which would shift about half of D's data points into the season gaps of the other images. This leaves less overlapping Figure 3 shows the residual microlensing light curves after subtracting the appropriately time-delay shifted source variability (arbitrarily set to be image A's light curve) from each quasar image. Both B and C show a drop in brightness relative to A toward the end of the first season, and image B shows a rapid rise in brightness at the end of the second season. Image D does not show significant variability apart from a gradual (∆m ≃ 0.05 mag) decline during both seasons, although the lower signal to noise complicates the analysis.
It is likely that image A is responsible for the first season drop seen in the B and C curves since we only measure the differential effects. This would imply a net increase in A's brightness by ∼0.2 mag due to microlensing toward the end of the first season. The differences between the B and C microlensing light curves are evidence for a similar amount of microlensing in one or both of these images as well. For example, B's upswing at the end of season two is not seen in image C. Also, image B spends most of season two ∼0.2 mag fainter than its season one average, while image C maintains more or less the same average flux from one season to the next.
One succinct way to quantify the effects of microlensing is to look at the lensing cusp relation (Mao & Schneider 1998) , which states that the sum of the signed image magnifications is zero for the triplet of images formed when a source is near a cusp caustic (images A, B and C for J1131). The relation can be phrased in terms of the observed image fluxes (F A , F B , F C ) by dividing through by the unknown source flux, yielding
While the cusp relation for a source asymptotically close to a cusp has R cusp = 0, in practice R cusp as defined will increase by several tenths as the source is placed farther from the cusp, not to mention the additional perturbing effects of micro-and millilensing (Keeton et al. 2003, hereafter KGP) . For a system configuration such as J1131, one can place a strong upper limit on the baseline R cusp value (before micro-or millilensing perturbations, that is, assuming a perfectly smooth potential model) of 0.1 (KGP). This value is significantly lower than the R cusp ≈ 0.35±0.03 measured from the Sluse et al. (2003) V -band discovery data, and lead KGP to classify J1131 as a "cusp-anomaly" system.
Anomalous R cusp values indicate the presence of substructure in the lens galaxy, but it can not discern whether the anomaly is due to microlensing by stars or due to millilensing by substructure (either dark matter clumps or luminous satellites). However, only microlensing can change R cusp on observable timescales, so tracking changes in R cusp tracks the microlensing contributions. The bottom panel of Figure 3 shows R cusp computed using the time-delay corrected light curves (shifting to the image A time frame). R cusp is ∼0.23 during most of the first season but begins to drop, becoming less "anomalous" with respect to the KGP estimate toward the season gap. At the same time, B and C drop in brightness and the R cusp value remains at ∼0.14 for the bulk of the second season. The resolved Chandra Xray observations of J1131 reported by Blackburne et al. Figure 1a ). Taken together, the SMARTS and Chandra data suggest that the saddlepoint A image was in a demagnified microlensing state for much of season one and varied closer to the unperturbed macromodel magnification heading into season two.
The HST observations of J1131 described in the next section yield respective R cusp values in the V, I and H filters of 0.26 ± 0.06, 0.17 ± 0.05 and 0.08 ± 0.01. Assuming the baseline R cusp value of 0.1 (KGP), the trend with wavelength agrees with the notion that microlensing preferentially affects smaller emission regions of the quasar accretion disk (under the assumption that longer wavelengths correspond to lower disk temperatures, which then correspond to larger radii from the central black hole). However, it is important to remember that the cusp anomaly may be due to the presence of substructure on scales comparable to the image separations. For example, models with a satellite galaxy near one of the cusp images (explored in §7.3) predict an R cusp value of about 0.5 even before any microlensing effects. In such a case, the offsets from R cusp 0.1 cannot be interpreted as strictly a sign of microlensing, but the variations in R cusp seen in time and across wavelength still point to abundant microlensing for J1131.
HST OBSERVATIONS
High-resolution images of J1131 were obtained with the ACS/Wide Field Camera (WFC; Ford et al. 1998) and NICMOS detectors on board the HST as part of the CASTLES imaging program (PID 9744). Both of these public data sets have also been recently analyzed by Claeskens et al. (2006) , and we make comparisons between the separate reductions below. The optical ACS images were taken with the F814W (I-band) and F555W (V -band) filters on 22 and 24 June 2004, respectively. Exposures were 33 minutes through each filter using a 5-point dither pattern. The data were reduced using the IRAF/CALACS package as part of the "on-the-fly" reprocessing at the time of download. Subsequent cosmicray rejection, geometric correction, and image combinations were performed using the standard PyRAF programs available for ACS data reduction. The infrared NICMOS images were taken with the NIC2 camera and F160W (H-band) filter on 17 November 2003, and consisted of two sets of four-point dither MULTIACCUM exposures for a total on-source integration of about 89 minutes. The NICMOS data were reduced using the NI-CRED software described in Lehár et al. (2000) . Figure 4 shows a 1 ′ field of view surrounding J1131 from the stacked I-band data. The environment within 10 ′′ of the lens is devoid of galaxies, and the nearest galaxies to the lens (G3, G4 and G7) are 15-20 ′′ distant. The Figure 4 inset shows the inner 10 ′′ region centered on J1131 at 10× higher contrast to emphasize the lack of nearby structure. The nearest galaxies with comparable magnitudes to the lens are G1 and G5, roughly 30 ′′ distant toward the North-North-West.
In Figures 5a and 5c we show the V -and H-band closeup images of J1131. A complex pattern of lensed knots from the quasar host galaxy is present, presumably because the relatively low redshift host galaxy is a star-forming spiral galaxy. There is also a faint fifth object, component E in Figure 5 (denoted component X in Claeskens et al. 2006 ), roughly 0.
′′ 5 North of the lens galaxy. The object shows a clear Airy ring in the H-band data, so it is unresolved.
To model the light distribution, we first tried fitting the H-band data using a seven component model: five point-sources for images A-E, a de Vaucouleurs profile for the lens galaxy, and a lensed de Vaucouleurs profile for the quasar host galaxy to model the continuous portion of the Einstein ring emission. For the fitting, we used the IMFIT package written by B. McLeod (see, e.g., Lehár et al. 2000) . The lensing potential was modeled as a singular isothermal sphere plus external shear using just the H-band image positions as constraints for the purpose of mapping the host galaxy onto the image plane. We also tried exponential and Gaussian profiles for the quasar host, but the de Vaucouleurs profile yielded the lowest residuals. Figure 5d shows the residuals after fitting a circularly symmetric de Vaucouleurs profile for the lens galaxy and reveals the lens to be elongated roughly along the A-D line. Allowing an elliptical de Vaucouleurs profile for the lens does well at modeling the galaxy ellipticity ( Figure 5e ) but still leaves extended residuals near the center of the lens with a peak flux of about 12% of the unsubtracted galaxy peak flux. To model this extra emission, we added an exponential profile centered on the de Vaucouleurs model. This addition did a better job at accounting for the bulk of the extra emission, although there are systematic residuals in the core of the lens galaxy (∼10% of the unsubtracted galaxy flux; Figure 5f ) that are suggestive of a slightly misaligned center for the de Vaucouleurs and exponential profiles. The inability to model the main lens with a single profile was noted by Claeskens et al. (2006) as well. The two-component galaxy model naturally suggests a disk+bulge morphology, except that we find the de Vaucouleurs model to be a better fit to the elongated structure than to the bulge. For an S0 galaxy, one would expect the opposite, namely an exponential disk and a de Vaucouleurs bulge. We tried to coax the models to assign the exponential profile to the disk by using judicious choices for the initial conditions, but the models consistently preferred a de Vaucouleurs disk and exponential bulge. The de Vaucouleurs component of the galaxy model is best characterized by an effective radius R e = 1.
′′ 58±0. ′′ 29, axis ratio of 0.51±0.02, and major axis orientation of −62
• ± 2
• . The exponential component of the galaxy has a best-fit scale length of 0.
′′ 20 ± 0.01, axis ratio of 0.79 ± 0.04, and major axis orientation 33
• ± 4
• . For the V -and I-band data, we fixed the astrometric and structural components of the system at the values from the H-band eight component model and solved for the relative photometry. Table 2 lists the results for all three filters. The relative positions for the A, B and C images agree within the quoted errorbars with the Claeskens et al. (2006) positions, but we do find a small offset of 0.
′′ 009 (3σ) for the D image and a much larger offset of 0.
′′ 029 (15σ) for the main galaxy position. The lens offset between the two reductions is about half an ACS pixel and may originate with the different light profiles used when modeling the main lens galaxy (de Vaucouleurs + Exponential for our fit, single Sersic profile for the Claeskens et al. 2006 fit) .
The colors of the system components are plotted in Figure 6 . Components A and B are three-quarters of a magnitude redder in I − H compared to C and D, but all have nearly identical V − I colors. Component E is significantly redder by about 1.5 mag in V − I than the other four quasar images. The reddening vector assuming a R V = 3.1 Galactic extinction law is given by the arrow in Figure 6 , and shows that E is unlikely a reddened copy of a fifth quasar image. Its I − H color is too red by several tenths of a magnitude for a late-K/early-M dwarf as well. Its color is consistent with the primary lens galaxy, and Claeskens et al. (2006) suggested that E may be an unresolved satellite galaxy.
The main lens galaxy has total (exponential + de Vaucouleurs) colors in V − I and I − H of 1.84 ± 0.11 and 1.83 ± 0.20, respectively. These are bluer by ∼0.2 magnitudes than expected for a z f = 2.5 burst galaxy model observed at z ≈ 0.3 (see Figure 6 ), but the difference is and Ge (exponential component). Color tracks for the dwarf main sequence (heavy line) and a z f = 2.5 burst galaxy model (thin line) are also drawn. The arrow gives the reddening magnitude and direction assuming a R V = 3.1 Galactic extinction law and wavelength-dependent parameters from Cardelli et al. (1989) .
not unreasonable compared to the spread in galaxy colors observed in other lensed systems at similar redshifts (Rusin et al. 2003) . As for the exponential contribution to the galaxy model, its magnitude is fainter than the de Vaucouleurs component by 2.1 mags, 1.5 mags and 1.2 mags in the V , I and H filters, respectively. Its colors are redder than the de Vaucouleurs component, as expected for a bulge-like component to the lens galaxy. However, as already noted, the morphology is not as expected for a true bulge and the spatial offset between the "bulge" and "disk" components evident in Figure 5e is puzzling.
SPITZER OBSERVATIONS
We also observed J1131 with the Infrared Array Camera (IRAC) on board the Spitzer Space Telescope on 11 June 2005. Observations consisted of a 36-point dither pattern for each of the four IRAC bandpasses (3.6, 4.5, 5.8, and 8 µm), covering an area of roughly 7.
′ 5 × 7. ′ 5 centered on the lens. The data received from the Spitzer Science Center had passed through the standard IRAC pipeline (consisting of flat-field corrections, dark subtraction, and linearity and flux calibrations) and the resulting Basic Calibrated Data (BCD) files served as our input for MOPEX drizzling. The BCD images were combined using a final scale of 0.
′′ 863 pixel −1 , and Figure 7 shows the [3.6] image of J1131 and surrounding field.
Even after drizzling onto the finer pixel grid, the J1131 A-D separation spanned only four pixels. The lack of spatial resolution complicates any analysis of the lens components and we instead focused on the IR colors of field galaxies. After identifying extended sources in the field using the SExtractor package (Bertin & Arnouts 1996, ver. 2.2 .2), we searched for red sequences (e.g., Gladders & Yee 2000) in the IR color-magnitude diagrams indicative of overdense regions of elliptical and S0 galaxies (groups or clusters). The resulting CMDs were suggestive of a low-redshift (z < 0.3) overdensity of galaxies with [3.6]-[4.5] colors of ∼ 0.1, but the concentration was not defined enough to estimate a redshift. Since the Spitzer observations were obtained, Williams et al. (2005) have indeed identified two red sequences for the J1131 field using deep V RI observations obtained with the KPNO Mayall 4m and CTIO Blanco 4m telescopes (see their Figure 8 ). The dominant red sequence has a centroid (denoted by the eastern bullseye in Figure 7 ) located 2.
′ 1 East of J1131 G and ≈45 ′′ to the SouthSouth-West from a bright elliptical galaxy identified in the mid-infrared images (G0 in Figure 7 ). Galaxy G0 is suggestive of a cD galaxy associated with the primary Williams et al. (2005) red sequence, implying significant structure along the line of sight toward J1131 (additional evidence supporting this claim is presented using the archival X-ray observations described below). The second, weaker red sequence detected by Williams et al. (2005) has a flux-weighted centroid 25
′′ North-West of J1131 G (western bullseye in Figure 7 ) and includes the lens galaxy itself. Figure 7 . We identified two extended sources of X-rays in the field aside from the lens flux analyzed by Blackburne et al. (2005) . The first is the bright emission centered 153 ′′ North-East of J1131 (at 11 h 32 m 1. s 4, −12
• 31 ′ 6 ′′ J2000; centroid accuracy of approximately 2 ′′ ). The X-ray position is coincident with the large elliptical galaxy (G0) identified in the midinfrared images and within an arcminute of the red sequence flux centroid identified by Williams et al. (2005) . This galaxy (and two others within three arcminutes) has a redshift measured from the Las Campanas Redshift Survey of z = 0.10 and the region was identified as an optically-selected group by Tucker et al. (2000) . Thus, the red sequence, the cD galaxy and the extended X-ray emission confirm the presence of a foreground cluster at z = 0.1.
We extracted the ACIS spectrum of the extended emission and used XSPEC (Arnaud 1996) to fit it with a thermal plasma model modified by Galactic absorption and obtained a good fit to the data with a χ 2 = 22 for 41 degrees of freedom. We estimated an unabsorbed 0.4-8 keV flux of (7.5 ± 0.8) × 10 −13 ergs cm −2 s −1 , a bolometric X-ray luminosity of (3.1 ± 0.5) × 10 43 ergs s −1 assuming the cluster is at z = 0.1, and a temperature of 1.13 ± 0.03 keV. The temperature and luminosity are roughly consistent with typical L-T relations (e.g., Wu et al. 1999; Helsdon & Ponman 2000; Xue & Wu 2000; Rosati et al. 2002) for groups and clusters, providing further confirmation of the cluster redshift.
The second extended source of X-ray emission is SouthWest of the lens, but it is fainter and the analysis is complicated by other point sources in the field. To proceed, we did a general search for faint extended emis- -Smoothed X-ray contours plotted on top of the IRAC Channel 1 (3.6 µm) image. X-ray contours are logarithmic except for the first two contour levels, which mark the 2σ and 3σ confidence levels. The eastern (western) bullseye marks the raw centroid of the primary (secondary) galaxy red sequence detected by Williams et al. (2005) .
sion following the procedures used in Dai & Kochanek (2005) . We used the CIAO tool wavdetect to identify point sources in the ACIS-S3 field and then replaced them with nearby background regions to create a soft band (0.5-2 keV) image. We smoothed this image with a Gaussian of width σ = 25 ′′ to find a source 33 ′′ Southwest of the lens (11 h 31 m 50. s 1, −12
• 32 ′ 23 ′′ , J2000). Because of the low (∼ 3σ) significance of the detection and the effects of masking the overlapping emission from the lens, the position uncertainty is comparable to the smoothing scale. Since this flux overlaps the lens and is close to the centroid of the weaker red galaxy sequence detected by Williams et al. 2005 (western bullseye in Figure 7) , we tentatively identify the emission as from the lens group at redshift of z l = 0.295. The measured count rate in the 0.5-2 keV band is 0.004 cts s −1 within a circle of radius 25 ′′ , corresponding to an unabsorbed flux of 1.7 × 10 −14 ergs cm −2 s −1 . If we use a β model to extrapolate the Xray flux to a larger aperture and assume a temperature of T ≃ 1.5 keV, then we estimate that the bolometric luminosity of this second cluster is 2 × 10 43 ergs s −1 . Thus, the halo associated with the lens group is comparable in bolometric luminosity to the halo associated with the low redshift group, but would require 10× the integration time to characterize at the same signal-to-noise.
LENS MODELS AND INTERPRETATIONS
In this section, we describe our mass modeling efforts aimed at reproducing the HST geometry and the SMARTS time delays. We discuss three model variations. First, we look at both isothermal and variableslope power-law halo models for the main lens galaxy ( §7.1), but in general find that such models cannot explain the long (∼ 10 days) A-B and A-C time delays. Next, we try a non-parametric mass model of the system ( §7.2). In general, such models add no information beyond that available in parametric models, but the asymmetric mass reconstruction suggests a satellite galaxy or other substructure near image A may be required to explain the anomalous delays. Finally, we return to parametric models ( §7.3) consisting of the primary isothermal halo for the main lens and a secondary halo for the presumed substructure near image A. Such models can plausibly reproduce both the long A delays and the image astrometry at the expense of consuming the remaining degrees of freedom.
Basic Isothermal Models
We first tried to model J1131 using the standard singular isothermal ellipsoid embedded in an external shear (Kassiola & Kovner 1993; Kormann et al. 1994 ). For constraints, we used the HST/ACS H-band positions (Table 2 ) with error bars of 3 mas for the quasar positions and the three SMARTS time delays. We looked at three model sequences: model SISx uses a spherical halo centered on the lens galaxy plus an external shear; model SIEx allows for halo ellipticity plus shear; and model SIEx+ allows the halo center to move with respect to the galaxy center but constrained with errorbars of 5 mas. The astrometry and time delays give 13 constraints, so the models have 6, 4 and 4 degrees of freedom, respectively. We ignored the flux ratios. All models were minimized in the image-plane using the gravlens software of Keeton (2001) Table 3 .
None of the models gives a statistically acceptable fit to the observations; the best-fit SIEx+ model has a final χ 2 /dof of 74.1/4. The simpler SISx and SIEx models cannot reproduce the image astrometry, with rms values between the observed and predicted quasar locations of -Schematic of RXJ1131−1231 environment. Labels Xray 1 and 2 denote the large and small X-ray emissions detected in the Chandra observations, and Red Seq. 1 and 2 denote the two red sequence centroids identified by Williams et al. (2005) ; the dashed lines marks the 1σ spread in the external shear direction for the SIEx+ model; the pentagons mark the locations of neighboring galaxies identified in the HST/ACS data. The diameter of the Xray 2 circle is the X-ray smoothing scale of 25 ′′ . Symbol sizes for the galaxies are proportional to the square root of their ACS Iband fluxes. The lens galaxy I-band flux (not depicted by symbol size) is nearly twice that of G1. 33 and 13 mas, respectively (final χ 2 /dof values of 538/6 and 138/4, with more than half of the χ 2 budget coming from the quasar positions). The SIEx+ model fits the quasar positions essentially perfectly (image rms of 2 mas) at the expense of shifting the halo center by 12 mas (4σ) from the measured luminous galaxy position. The situation is worse if we use the Claeskens et al. (2006) image and galaxy positions, which yield χ 2 /dof values of 534/6, 158/4, and 130/4 for the SISx, SIEx and SIEx+ models, respectively. A substantial external shear is also required for both the Table 2 and Claeskens et al. (2006) positions -greater than 10% for all models -and points at −83
• East of North for the SIEx+ case (where the convention is for the shear direction to point towards or away from the perturber.) There is no obvious perturber along the shear direction (see Figure 8) ; a galaxy with roughly the same velocity dispersion as the lens would produce a 10% shear at 9
′′ , but the nearest galaxies of significance (G3 and G4) are 20
′′ away and at the wrong position angle. Galaxy G8 lies at the correct position angle, but is much too distant to produce a 10% shear given its brightnesses and that of the main lens galaxy (see Figure 4) . The shear does not point toward either of the X-ray halos detected in the Chandra data, or toward either of the red sequence centroids identified by Williams et al. (2005) . This likely indicates that either there is no single external perturber dominating the shear or that the external shear is attempting to compensate for an inadequacy in the main lens model.
The more troublesome problem is that all models fail to reproduce the measured time delays. The SIEx+ profile predicts A-B and A-C delays of 0.98 and 1.23 days (assuming H o = 70 km s −1 Mpc −1 ) compared to the measured values of roughly 12 and 10 days. Formally these are 9σ and 5σ discrepancies. Note that the predicted B-C delay of 0.25 days for the SIEx+ model agrees within 2σ with the measured value of −2.20 +1.55 −1.64 days, so the problem is chiefly with the A image. The situation cannot be corrected by simply rescaling H o , since matching the A-B and A-C delays would require an unrealistic Hubble constant of ≈ 10 km s −1 Mpc −1 . The long A delay is difficult to explain. There are many examples of model perturbations leading to systematic uncertainties in time delay predictions (see Schechter 2005 for a review), but these typically alter the delay predictions at the 10% level and not the factor of 10 needed here. For example, the mass-sheet degeneracy (Gorenstein et al. 1988 ) rescales the image delays by ∆τ ∝ (1 − κ ) by superimposing a mass-sheet of surface density κ . One might expect a convergence of κ ≃ 0.1-0.3 from matter associated with the nearby X-ray halos (e.g., as with systems Q0957+561, Barkana et al. 1999 ; RXJ 0911+0554, Burud et al. 1998) , but this would uniformly shorten all delays by 10%-30%, and not preferentially lengthen the A delay. To a similar degree, small variations in the radial exponent of the halo density profile (∼ 10%) alter delay predictions by a comparable fraction (Kochanek 2002) , again of insufficient magnitude to explain the A delay. An example of an extreme change in the density slope is to use a de Vaucouleurs constant mass-to-light ratio model with an effective radius matching the value measured from the NICMOS data. Such a model can match the astrometry as well as the SIEx+ model provided the de Vaucouleurs center is allowed to float, but the predicted cusp delays are still ∼ 1 day.
Abandoning the assumption of isothermality, we also explored a range of elliptical power-law profiles with three-dimensional density profiles falling as shallow as 1/r to as steep as 1/r 4 . We found that highly elliptical profiles steeper than 1/r 3 could produce long cusp delays provided the halo was orientated along the A-G line. Because of the high ellipticity, such models concentrated more mass near A than near B and C, increasing the Shapiro contribution to the A delay. However, the required ellipticity to produce an A-B delay of even half the observed value was flatter than e = 0.9. Such a mass distribution would indicate a prominent disk galaxy, and this is clearly inconsistent with the morphology of the lens observed in the NICMOS data.
Non-Parametric Models
Lacking a successful macromodel, we turned to nonparametric models using the PixeLens software of Saha & Williams (2004) . As noted above, such models do not add any more information than present in parametric models since they are grossly underconstrained, but they may indicate where the parametric models are qualitatively wrong. PixeLens works by reconstructing a pixelated mass map of the lens using the image positions and time delays as constraints. For J1131, we reconstructed both symmetric and asymmetric mass models over a 6 ′′ × 6 ′′ grid centered on the lens with a "pixrad" of 11, yielding around 530 separate mass elements. Since PixeLens assumes negligible errors for all input values, we tried models both with and without the more uncertain D delay but found little qualitative change in the final mass map.
The reconstruction for the asymmetric mass distribution is shown in Figure 9 . (For the symmetric reconstruction, the eastern half of the structure is mirror-imaged on the western half, producing an unrealistic four-leaf clover mass distribution). There is a clear protrusion surrounding image A. PixeLens's solution for increasing the A delay is to have significant variation in the angular distribution of matter along the three cusp images by increasing the surface mass density around image A (κ ≃ 0.9) as compared to the surface mass densities at images B and C (κ ≃ 0.1-0.2). Qualitatively, this is similar to our result found for a highly elliptical disk-like halo overlapping the A image. However, the asymmetric reconstruction stresses that what is chiefly needed is a higher surface mass density at A compared to the other two cusp images, suggesting that a satellite galaxy or other undetected substructure at this location may be responsible for the anomalous delay.
7.3. Substructure Near Image A There is no visual sign of a satellite galaxy near image A in the HST images or the corresponding subtraction residuals. A red satellite galaxy would be most evident in the F160W image, but the significant Einstein ring emission and PSF residuals complicates any visual search near the lensed images. To explore if a perturber could reproduce the cusp delays, we added an SIS mass model over a grid of positions surrounding image A and looked at how each model adjusted for the J1131 time delays. The main lens galaxy was again modeled using the SIEx+ profile, and we fitted both the astrometric and delay constraints as before. We found that a perturber with an Einstein radius of ∼ 0.
′′ 2 and placed within ∼ 0. ′′ 1 South-East of the A image could lengthen the A-B and A-C delays by several days, but such models consistently formed two additional images of the background quasar. The perturber's proximity to image A means that its critical curve always maps into a source-plane caustic near the source position, creating a six-image region inside the primary lens astroid caustic. While one of these extra images is always highly demagnified and located at the perturber position, the other typically forms at twice the perturber-A separation with a magnification ∼ 10% that of image A. Such an image would be easily identified in the HST data.
We can avoid the formation of extra images by adding a core radius s to the perturber's profile, such that the projected density is given by
(e.g., Kassiola & Kovner 1993; Kormann et al. 1994) . The exact criteria needed to prevent extra images depend on the perturber's core size and mass scale. Consider a model where the main lens (modeled as an SIE) and perturber (modeled as a softened isothermal sphere, or IS) are colinear along the x-axis with the main lens at the origin and the perturber at a distance x = x ′ . Including an external shear term (with shear angle θ γ measured from the x-axis), the potential φ(x) is
The appearance of extra images first becomes possible (that is, a critical line and corresponding six-image caustic are first formed) when a solution to the lens equation exists at x = x ′ . This translates into a condition on the potential of
or, after substitution,
where we have neglected a shear term that is always much smaller than unity for reasonable models. No extra images are possible when b ′ /2s 1 and multiple images are possible (provided the source is inside the six-image caustic) otherwise.
We looked at a range of perturber models: two supercritical (b = 2.2s and b = 2.1s), a critical (b = 2.0s) and three sub-critical (b = 1.8s, b = 1.6s and b = 1.4s). During the minimization, a large penalty term was added to the merit function whenever the source position crossed into the six-region caustic, insuring that only four-image models were accepted. We also constrained the orientation of the main lens halo using the measured NICMOS position and associated error, which helped stabilize the ellipticity of the primary lens. This approach gave a final tally of 12 parameters (two for the source position, seven for the main lens, and three for the perturber) and 14 constraints for two degrees of freedom. Table 3 summarizes the result for the critical perturber. Figure 10 shows the optimal perturber positions for the model sequence and the confidence contours for the critical (b = 2.0s) case. For all models, the perturber position was tightly constrained to a region between 0.
′′ 03 to 0.
′′ 11 South-East of image A. In Figure 11 , we show the resulting χ 2 /dof for each model as the perturber's core radius is increased from s = 0 ′′ (the singular case) to s = 0.
′′ 3 (about 1.3 kpc at the lens redshift). Note that for the two super-critical models, χ 2 rapidly increases once a threshold core radius is crossed, with roughly 90% of the increase coming from the quasar positions. The abrupt increase is due to the growing size of the six-image caustic as the perturber's core radius and potential depth are increased, which displaces the source position from its optimal location inside the six-image region. This means a super-critical perturber is highly unlikely since it requires a fine-tuned source position in order to match the quasar astrometry while remaining outside the six-image region. The critical and sub-critical models avoid the formation of the six-image caustic and consequentially show no abrupt increase in χ 2 . As seen from Figure 11 , the critical model is marginally preferred over the sub-critical cases. There are two notable improvements for the optimal critical model compared to the single halo model considered in §7.1. First, both the quasars and galaxy astrometry are now fitted essentially perfectly: χ 2 /dof = 0.3/2 compared to 13/4 for the SIEx+ case, with virtually all (99%) of the χ 2 budget now coming from the time delays. Second, the cusp delays are lengthened considerably: A-B, A-C and A-D delays of 5.90, 7.88 and −80 days, respectively. The remaining model parameters are quite reasonable as well, with a nearly round main lens galaxy (ellipticity of 0.14) and small external shear (4%). Thus, it is possible to improve both the overall astrometry and the time delay predictions by adding a perturber halo nearly coincident with image A, provided the halo is soft enough to avoid the formation of extra images.
The A-B delay is still a factor of two smaller than measured (a 4σ discrepancy). Since the Shapiro contribution to the time delays depends on differences in effective potential between images, one simple way to fine-tune the delays is to vary the radial slope of the perturber. With a variable slope α, the projected surface density κ(r) can be written as
where again s is the core radius and the normalization is chosen such that b is the system's Einstein radius in the limit of an isothermal profile (α → 1) and vanishing core radius. For small core radii, the effective potential is approximately given by φ(r) ≈ b ′2−α r α /α 2 . Generating longer A-B and A-C delays requires a larger difference in the A-B and A-C effective potentials, which is possible for steeper than isothermal (α < 1) mass profiles.
To test if a non-isothermal slope could more closely match the delays, we allowed the potential depth b ′ and halo slope α to vary independently while again looking at a range of core radii s. This modification consumes the remaining two degrees of freedom and we expect a perfect fit for a plausible model. Indeed, we found that a halo slope with α = 0.7-0.8 could reproduce both the astrometry and measured time delays essentially perfectly although with a clear degeneracy between the size of the core radius and the halo slope. For the s = 0.
′′ 2 model (summarized in Table 3 ), the predicted delays were 12.0, 13.8 and -85 days for A-B, A-C and A-D, respectively, with an overall χ 2 /dof of 4.7/0. It is interesting that we still find χ 2 > 0 even for zero degrees of freedom. The only χ 2 contribution for all s 0. ′′ 15 models is from the A-C delay, although it is more instructive to look at the discrepancy using the B-C difference. The predicted B-C delays (between +1.0 and +1.8 days for the range of core radii considered) is in the opposite sense of the measured value (−2.20 +1.55 −1.64 days). The delay ordering among images is a model-independent feature of a lens (e.g., Saha & Williams 2003) , so if the sense of the delay is measured incorrectly then even a model with zero degrees of freedom will be unable to reproduce the incorrect delay sense. All models considered in this paper predict B trailing C (B-C > 0), implying that images A and B are the "merging" image pair normally seen in inclined-quad configurations and that the overall image ordering is CBAD. Therefore, if the measured C delay is off by 2-3 σ such that the measured B-C delay becomes positive, then it might explain the non-zero χ 2 . Figure 12 shows the degeneracy between the perturber slope α and core radii s, as all models in the figure yield χ 2 /dof values between 3/0 and 5/0. We also plot the best-fit potential depth b ′ for the perturber and the condition for the just-critical case (dotted line), which for the power-law profile is 1 2
The total χ 2 /dof gradually drops from 4.7/0 at s = 0. ′′ 15 to 3.0/0 at s = 0.
′′ 45 with again the only significant contribution coming from the C delay. Over this range, b ′ if fairly constant, ranging from 0.
′′ 25 to 0. ′′ 28, and the halo slope increases from α = 0.7 to 0.8. Note that for s 0. ′′ 15, the perturber no longer sits on the justcritical line as seen for the optimal (b = 2s) isothermal model. Thus a steeper-than-isothermal profile not only reproduces the long A delay but also naturally avoids the formation of extra images.
Mass of the Perturber
The cylindrical mass for the surface density given in Eq. 5 increases as M cyl (r) ∝ r α , so formally the total perturber mass in the adopted model is unbounded. Adopting a cut radius comparable to the A-C or A-B image separations (≈1.
′′ 2, or 5.3 kpc at the lens redshift) gives an enclosed perturber mass of 4.7 × 10 10 M ⊙ . As a comparison, the mass enclosed by the primary lens galaxy out to the same cylindrical radius (centered on its respective profile) is 4.4 × 10 11 M ⊙ , so the perturber has 10% of the mass of the main lens at comparable radii. This is fairly significant and one might expect some visual evidence if it is indeed a satellite galaxy. We can estimate a plausible luminosity to the perturber by scaling its velocity dispersion with that of the main lens and using the Faber & Jackson (1976) relationship. For an enclosed mass that scales with velocity dispersion as M (R) ∝ σ 2 , the factor of 10 difference in mass translates into a factor of 3.2 in velocity dispersion, or a factor of 100 difference in luminosity assuming L ∝ σ 4 . Such a galaxy would be extremely difficult to see given the ring emission and light from image A, even after image subtraction. For example, scaling from the observed count-rate of the main lens measured in the NICMOS image, the predicted peak count rate from the perturber is only ∼0.008 cnts s −1 . The rms count rate within a 0.
′′ 4 radius around image A after subtracting the quasar images and ring emission (Figure 5f ) is 0.058 cnts s −1 , which is larger than the peak signal expected from the satellite galaxy by a factor of seven. Thus even if the perturber were a bona fide satellite galaxy, it is doubtful we would detect it in the existing HST images.
7.5. Placement on the Fundamental Plane One check on the models is to compare the predicted velocity dispersion of the main lens galaxy with the value expected from the Fundamental Plane (FP; Djorgovski & Davis 1987; Dressler 1987) . Almost all lens galaxies lie on the present-day FP provided one allows for passive luminosity evolution with redshift (Treu et al. 2001 (Treu et al. , 2002 Rusin et al. 2003) . When studying gravitational lenses, it is convenient to phrase this evolution in terms of the galaxy's B-band mass-to-light ratio (M/L) B measured inside the system's Einstein radius (see Treu et al. 2001 for a thorough discussion). Parameterizing to first-order in redshift as ∆ log(M/L) B = az, studies of gravitational lens galaxies find values between a ≈ 0.5 (Rusin et al. 2003 ) and a ≈ 0.7 (Treu et al. 2005) . Similar results are found for cluster (van Dokkum et al. 1998 ) and field (van Dokkum et al. 2001 ) galaxies out to z ≈ 0.8 that are not associated with lensing.
Using a z f = 2.5 starburst SED to calculate the necessary k-corrections and evolution effects, the restframe Bband surface brightness for J1131 G is 20.62 ± 0.05 mag arcsec −2 using the total (de Vaucouleurs plus exponential) galaxy magnitude and 20.83 ± 0.03 mag arcsec −2 using just the de Vaucouleurs galaxy magnitude. The system's velocity dispersion is either 353 ± 2 km s −1 or 337 ± 2 km s −1 for the SIEx+ or SIEx+ plus α = 0.72 perturber model. Both values correspond to extremely bright galaxies, 6L * and 5L * respectively for σ * = 225 km s −1 . Such galaxies are rare but not unheard of. The Bernardi et al. (2003a) SDSS sample of ∼9000 field ellipticals contains galaxies with velocity dispersions as large as 400 km s −1 . Although a σ = 350 km s −1 galaxy is 200 times less common than a σ ≈ 170 km s −1 galaxy found at the peak of the elliptical velocity dispersion function (Sheth et al. 2003) , the cross-section for lensing scales as σ 4 so massive galaxies are preferentially favored. Finally, the galaxy intermediate-axis effective radius measured from the NICMOS data gives a physical size of R e = 5.0 ± 1.2 kpc.
The evolution rates required to place J1131 G onto the present-day FP are plotted in Figure 13 . Four estimates are computed, using the possible combinations of the two surface brightness estimates and the two velocity dispersion estimates. Also plotted are rates computed for 18 other gravitational lenses with measured lens and source redshifts listed in Rusin et al. (2003) . Contrary to the Rusin et al. (2003) sample of lens galaxies, all J1131 G evolution rates are inconsistent with passive luminosity evolution, with only the halo plus perturber model and total (de Vaucouleurs plus exponential) galaxy magnitude rate consistent with no evolution at all at the 1σ level (a = 0.02 ± 0.05). Another way to view this is that the galaxy's inferred velocity dispersion is simply too large for its measured luminosity. Adopting M * = −19.79 + 5 log(h) ± 0.04 (Madgwick et al. 2002) , γ = 4.0 ± 0.25 (Bernardi et al. 2003b ) and σ * = 225±22.5 km s −1 , the Faber-Jackson relationship yields σ = 274±28 km s −1 using the combined de Vaucouleurs plus exponential magnitude. This estimate is considerable lower than the value of σ = 337 ± 2 km s −1 obtained from the halo plus perturber model, suggesting that there may be an additional source of mass contributing convergence inside the Einstein ring besides the main lensing galaxy. Part of the solution likely lies in the mass convergence associated with the overlapping X-ray halos detected in the Chandra data and the unknown object component E, if it is truly a satellite galaxy to the primary lens. Both effects would lower the inferred value of the main lens velocity dispersion by accounting for some of the inferred mass inside the system's Einstein ring.
SUMMARY AND CONCLUSIONS
We have measured the time delays for the quadruple lens RX J1131−1231 based on two seasons of monitoring data from the SMARTS/CTIO 1.3m telescope. The short delays for the cusp images are A-B = 11.98
and A-C = 9.61 +1.97 −1.57 and the long delay for the counter image is A-D = −87 ± 8. The A-B and A-C delays are an order of magnitude larger than expected using a standard elliptical model of the lens galaxy. One plausible explanation arises from a satellite galaxy or other dark substructure about 0.
′′ 05 from the central cusp image, although some fine-tuning is required to match the observed properties of the system. In particular, for the power-law mass models explored here, the perturber must have a core radius of 0.
′′ 2 ( 1 kpc) to avoid the formation of extra images of the background quasar, a steeper than isothermal mass profile (α ≈ 0.7; ρ ∝ r −α ), and a significant total mass within the A-C and A-B image separations of ∼ 4.7 × 10 10 M ⊙ (about 10% of the main lens galaxy for comparable radii). Although massive, such a satellite galaxy would have a luminosity only ∼1% of the main lens, making it undetectable in the extant data given the perturber's proximity to the bright quasar A image and the prominent Einstein ring emission.
Ancillary evidence for such a perturber comes from the improved astrometry of the quasar positions and primary lens galaxy. As noted by Claeskens et al. (2006) , using a standard isothermal halo for the main lens can reproduce the relative quasar positions but not the position of the lensing galaxy. This was addressed by Claeskens et al. (2006) by adding an m = 4 octupole term (characteristic of boxy/disky isodensity contours) to the lensing potential, although they admit that the physical nature of the term is difficult to interpret. Comparable devia-tions from pure elliptical models have been ruled out for four other lens galaxies using the shapes of Einstein rings (Yoo et al. 2005 ). Here, we have shown that including a perturber near image A allows for an essentially perfect fit to the quasars and galaxy astrometry while simultaneously explaining the anomalous cusp delays.
We have also re-analyzed the Chandra X-ray data first presented by Blackburne et al. (2005) and found evidence for two X-ray halos along the line of sight toward J1131. The brighter halo is coincident with a foreground (z = 0.1) cD galaxy 2.
′ 5 North-East of the lens and corresponds to the stronger of two galaxy red sequences detected in the optical by Williams et al. (2005) . The fainter halo is much closer to the lens and presumably includes J1131 itself, given the halo's proximity to the lens and proximity to the weaker of the two galaxy redsequences identified by Williams et al. (2005) .
Overall, the data suggest a very complicated lensing environment for J1131. The lens galaxy is likely part of a z ≈ 0.3 group or cluster of galaxies with sufficient mass to support a ∼ 1.5 keV X-ray halo; there is a foreground cluster of galaxies along the line of sight as evidenced by a second X-ray halo of similar temperature and centered on a prominent z = 0.1 cD galaxy; a significant mass perturbation near the A image is required to explain the anomalous time delays for the cusp images; modeling the surface brightness profile of the main lens requires at least two distinct profile shapes, suggestive of a more complicated primary lens than a simple de Vaucouleursshaped elliptical; and finally, there is a faint, point-like object 0.
′′ 5 North of J1131 G with colors similar to those of the main lens galaxy but otherwise of an as-of-yet undetermined nature. These complications make it difficult at present to use the measured time delays to either estimate the Hubble constant or to constrain the overall mass profile of the main lens. The monitoring program has revealed extensive (∼ 0.3-0.4 mag) microlensing variability in the optical on time scales of months, so future microlensing studies of the system are promising.
Progress with future mass modeling will at least require measuring the central velocity dispersion of J1131 G to break the mass-sheet degeneracy between the main lens galaxy and X-ray halos identified in the Chandra data. Such information will likely help to reconcile the lack of apparent M/L evolution for the main lens as well, since it will provide an estimate of the halo convergence inside the Einstein ring that is currently assigned to the lens galaxy. Deep imaging and spectral observations of component E are obviously required as well, but may prove challenging given its overall faintness, extremely red color, and proximity to the main lens.
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-Best-fit model parameters for five models described in the text. For the α = 1 and α = 0.72 perturber models, the first line gives the model parameters for the primary SIEx+ halo and the second line gives the model parameters for the perturber near image A. All relative positions are measured with respect to image A.
